Abstract-Insertion phase in multi-layered metamaterials play an important role in understanding the constitutive parameters of the material. Simulations and measurements show the distinct large phase change across the frequency band in which the metamaterial exhibits special parameters. This paper addresses the phase behavior for materials that use loops or rings for magnetic properties and rods, wires, or probes for electric properties. Continuous wires and cut wires in the structure show different properties, especially in the frequency regions where negative refraction occurs. The conjecture that negative refraction is a manifestation of insertion phase variations is reiterated in this paper.
I. INTRODUCTION
In characterizing the constitutive parameters of materials, the scattering matrix parameters are often used as a starting point. This has been done extensively for metamaterials [1] . Some of the derivations use expressions that calculate the insertion phase in the medium in a modular 2π, or wrapped values. Depending on the parameters of the medium, this may result in refraction of the transmitted beam in a direction that may be interpreted as a negative refraction. Alternatively, if true unwrapped values of the propagation phase are used, the negative refraction appearance may be interpreted as a grating-lobe like effect in arrays of narrow element spacing with large phase taper between the elements [2] , [3] . Measurements, manipulated to show the unwrapped large phase propagation for layered metamaterials were reported in [4] , and showed how the phase variation builds up in consecutive layers in the material. Although this was shown for ring resonator and loops types of metamaterials, it may be possible to show it in the circuit-component-based metamaterials [5] . In this paper, we simulate the phase propagation across multilayered metamaterials to show the large phase variation within narrow frequency bands. The simulation tool, HFSS in this case, is manipulated to calculate the unwrapped phase, instead of the 2π-modular phase. The metamaterial selected for this analysis is a capacitively loaded loop (CLL) on one side of a substrate with a probe or wire on the opposite side, as shown in Figure 1 . The incident plane is polarized in the direction of the probe (or wire) in the metamaterial, i.e. vertical. Some of the results show a cross-polarized field that is perpendicular to the wires, or horizontal. Measurement results are also given for the same structure, but with different propagation arrangement. Both simulation and measurements show large propagation phase through the metamaterial.
II. SIMULATION OF THE CUT-WIRE AND CONTINUOUS-WIRE

CONFIGURATIONS
The extent of the probe or wire in the unit cell can be based on a cut-wire or continuous-wire arrangement. In the cut-wire scenario, the probe length on the other side of the loop is limited to the loop height. In the continuous wire scenario, the wire continues, covering the gaps between loops. A plane wave is assumed to be incident on a four-layer metamaterial, which extends indefinitely in the perpendicular plane.
Although it was reported that the negative refraction occurs in the continuous wire case, the propagation phase is large within certain bandwidth in both cases. Figure 2 shows the propagation phase for the cut-wire design, as compared with free space propagation. An upward large phase variation is noticed over a bandwidth before it settles down to a regular material slope. Figure 3 shows the propagation phase variation versus frequency for the continuous wire arrangement. In this case, the phase variation is steep with a downward slope over a narrow bandwidth before it slows down to the low-phase variation of regular materials. The S parameters of the propagation through the CLL-P material show similar bandwidth behaviour as the propagation phase. Figure 4 is a plot of the insertion loss and return loss for the cut-wire case. The large bandwidth over which almost complete reflection occurs matches the bandwidth over which the propagation phase is high, which is distinctly different than the more benign behaviour across most of the band. Figure 5 shows the different behaviour of the continuous-wire material.
Here the sharp phase variation bandwidth corresponds to a much lower insertion loss than the cut-wire case. This is the region in which the continuous-wire arrangement shows negative refractive index. The steepest phase variation over this band supports the conjecture that the negative refraction is a result of a grating-lobe-like behaviour that appears as a refraction in a direction away from the main plane wave direction [2] , [3] . To verify the large propagation phase in the metamaterial, a 4-layer CLL-P structure of finite planar dimensions was fabricated and tested.
In this case only the cut-wire arrangement is implemented. The measurement set up was different than the simulated one. Because of the finiteness of the plane that is repeated over the four layers, the transmitting and receiving ports have to be close to the material block in order to avoid diffraction components from around the block. The transmitting and receiving ports are aligned waveguide ports. As such, the simulated plane-wave arrangement is considerably different than the measurement arrangement. This resulted in a shift in the frequency band over which the material acts as a metamaterial. Figure 6 shows the measured phase change over the material path as compared to the freespace phase response. The sharp drop in phase looks similar to the simulated continuous-wire case. It can be argued that because the small spacing between the rows or planes in the structure, strong coupling may occur between the wires in different planes, hence the continuous-wire-like behaviour. The measured insertion and return losses are shown in Figure 7 . As in the simulation, the correlation in the frequency band between the large insertion phase slope and the distinct insertion loss and return loss behaviours is apparent.
The figure shows the measured free space parameters for comparison. Metamaterial structures exhibit large insertion phase variations with steep slopes versus frequency within narrow segments of the frequency band. The large phase variation, which is observed only when the unwrapped phase is simulated or measured, is associated with corresponding special insertion loss and return losses in the material. The same frequency band also corresponds to distinctly special values of the material's constitutive parameters, which may be negative. The constitutive parameters lead to refractive index values that may be negative as well. The large phase variations within the narrow frequency band create a gratinglobe like condition that causes the effect of negative refraction in arrays of narrowly spaced elements.
